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Lomiiesceinit Labels — Moire ithaini Just m Alteraatfive to Radioisotopes? 
Andreas Mayer* and Stephan Newenhofer* 



Chemical, chromatographic, or spectro- 
mctric mcihods arc generally uasui tabic 
for the dclection of molecules in ihc 
nano- and subnanogram region because 
of their low sensitivity. The radioimmu- 
noassay (RIA) developed by Yalow and 
Ber&on in 1959 combined the high sensi- 
tivity of radioactively labeled substances 
with the high speciHa'ty of immunologi- 
cal reactions for the first time. In this way 
it was possible to detect quaniitativcly 
the tiniest traces of substances in the pre- 
sence of an excess of other, in some ca- 
ses, similar foreign substances without 
prior enrichment. Immunoassays have 



certainly developed to become the moat 
valuable analytical tool of in vitro dia- 
gnostics and are today routinely era- 
ployed for the detection of endogenous 
and exogenous substances (e.g. hor- 
mones, tumor-associaicd proteins, bac- 
teria, \nruscs, toxins, drugs, ere). The 
many disadvantages of radioactivity 
such as the required handling licenses, 
disposal costs, precautions necessary co 
prevent risks :o health, short shelf-life, 
and limited sensitivity soon led to the 
search for other nonradioactive labeling 
mcihods. Encouraged by the develop- 
ment of light measuring techniques and 



the commercial availability of highly sen- 
sitive appazatus, radioactive isotopes as 
labels are today bcrag replaced increas- 
ingly by enzjTncs, fluorophores, or lu- 
minophores< Some of the new lumines- 
cent labels have, however, not only faci- 
litated replacement of radioisotopes, but 
also a breakthrough into what has until 
now been unattainable levels of sensiu- 
vity. The following article reviews the 
methods of luminescent labeling and 
their applicabons mainly in the area of 
tnununoassays. 



1. dntrodactaon 

The detection of substances with reagents which bind to the 
compound to be determined (analytc) is essentially dependent on 
three conditions if lower detection limits in the pico- to fcmio- 
molar region arc to be attained and Structurally similar sub- 
stance! arc not to be measured in addition. First, [he detection 
reagent must have a high afTinity for the analyte so that even an 
annlytc proem in trncc amounts is determined. Second, the bind- 
ing of the detection rcigcnt to the analyte should be highly 
specific: this ensures chat substances similar to the analytc do 
not give rise to a deceptively higher concentration of the analytc, 
or mzkc a time-consuming and labor-intensive prepurification 
necessary. Third, the reaction product from the analyte and 
binding reagent must be sensitive to deicaion. that is, emit a 
signal which can be quantified exactly by suitable analytical 
instruments. 
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The demands for affinity and specificity are ideally fulfilled by 
antibodies. This involves endogenous glycoproteins, which in 
organisms of higher hfc forms, play a decisive role within the 
immune system by eliminating harmful, substances (bacteria, 
viriises, toxins etc.). In general, afi^iniiy constants of ancibcdies 
lie between 10^° and lO^^Lmol"*, They are capable of re- 
cognizing the smallest structural differences at the molecular 
level, because only then can they distinguish reliably be- 
tween exogenous and endogenous substances; confusion 
between the two would have fatal consequences for the host 
organism. 

The fint methods used to label deicaion reagents and thus 
tnake them exactly quantifiable employed radioacdve isotopes, 
of which the '^^1 isotope, in particular, is still in use today. The 
advantages of this y emitter are its small sire (minimization of 
stcric interference), its "hard" signal, which as a result is less 
prone to interference, and its lower detection limit of approxi- 
mately lOamol (1 amol =10"^^ mol). 

Tbe combination of antibody/radioactive labeling led lo the 
introduction of radioimmunoassays at the end of the 1950s.*'' 
These have developed imo the most iraponant tool of in vi^o 
diagnostics in medicineJ^' All conceivable endogenous and ex- 
ogenous substances in ihc body fluids (e.g. blood or scrum] 
taken from a patient arc routinely determined quantitatively by 
radioimmunoiissays. Of considerable importance for roiiiine 
applicability i<i that despite the complex composition of the 
jerum medium under investigation, in general, further purificn- 
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lion steps are not necessaxy because of ihc high specificity of the 
dstccuoa reagenc '^antibtxiy*'. 

Besides ihe advaniages of radioactive labeling there are also, 
however, a number of disadvanUiges: The handling of radio- 
active materials is regulated (ofTidal license) and is, thus, limit- 
ed. The half-life of 60 days for '^.M itocope is too short to 
guarantee a longer shelf-life for labeled reagents. Limited signal 
emission during measurement due to the natural half-life pre- 
vents the high detection scnsjtiviiy required for some applica- 
tions. 

In order to overcome these disadvantages the search for non- 
radioactive labeling methods (nooisotopic methods) in im- 
munodiagnostics had already begun long agoJ^' At the begin- 
ning of the 1970s the use of enzymes as labels vas described,**^ 
and in the mcaniinic a large number of stable enzyme labels 
have become available. In combination with chromogcnic or 
luminogcnic substrates, detection of the signal is attributed to 
the measurement of light as absorption or emission. Emitted 
light instead of radioactive radiation is also employed in Jumi- 
nogenic direct labeling for the quantification of the analyte con- 
centration. Since the number of photons from samples of lu- 
minescent-labeled molecules can be higher than the number of 
radiation <iuanta emitted from radioisotopes,'^^ initiaOy fluores- 
cence detection seemed to have a good chance of a wide applica- 
tion in nonradioaaive labeling;'^*' for example, detection of a 
single fluorescent-labeled protein molecule was succcssfuJ.'-*^' 
However, because of certain disadvantages associated with the 
first Huorescent label a signifcant replacement of the radioacdve 
label was not forthcoming. This was only achieved by further 
devdopnsent of luminescent labels and luminogenic enzyme 
subsuatcs/* " ' Luminescent labels not only dispense with hav- 
ing to handle radioactivity but they also aJlow more precise 
diagnostic results on account of enhanced sensitivity, and open 
up new areas of application. 

In 1985 the radioinwnunoassay (RIA) dominated the German 
nnmunoassay market (83% share) uith the greatest turnover in 
the indication fields endocrinology (thyroid gland, fertility) and 
turaor diagnosis (Fig. ) ) . The tendency towards the use of mcth- 
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Fig. 1. Majketstiar;orradioaaiTc(RIA)and«ionra<lioaclivciminunoiU!^y((non- 
RlA). 



ods with nonisotopjcally labeled compounds is shown in the 
statistics for 1991 ; the RIA share of the market has sunk consid- 
erably to 55 The market share of nonradioactive methods 
comprises luminescence techniques (e.g. fluorescence immuno- 
assay (FIA), chcmi luminescence immunoassay (CIA)), enzyme 
immunoassay (EI A), and other methods such as nephelomeiry. 
A funher increase in the market share for methods that work 
without isotopically labeled compounds is to be expected in the 
future. 

This review article deals in the broadest sense with lumines- 
cent labels and their applicarion. After a definition of the term 
"label** in Section 2 luminescent processes arc presented in a 
-.mplified energy-level diagram in Section 3. Section 4 describes 
the enzyme labels in combinadon ^fnih chromogenic and lurai- 
.iC^enic substrates. In Section 5 labels for luminescent direct 
labeling with special consideranoo of the underlying mecha- 
nisms of chcmiluminesceni labeling arc discussed. Section 6 pre- 
sents several examples of applications in medicine; further im- 
portant areas of application arc in environmental and food 
analysis.'^^'"**' In addition to the literature already men- 
tioned, the theme of luminescent labds, nonradioactive im- 
munoassays, and gene probes is referred to in several recent 
books'^"*' and rcvieii' anicles."®' 
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2. The Laball 

2.1. Defudtlon aod G^acral Stnccture 

A label is a molecule capable of craitiing a signal, which is 
used for labeling proteins and other molecules. I: coaiains, apart 
from the signal-generating group (HuorcsccT; more spcciftcaliy, 
label), another reactive group (anchor group) which faciliiaies 
the covalent bonding to the molecule to be labeled. Between these 
two groups thcrt is usually a spacer which is supposed to prevent, 
or at least make difftcult, undesirable steric interaaions between 
the signal-generating group of the molecule and the labeled sub- 
stance. In this way any influences on the irr.munologicai reaction 
ought ro be exchided. The schematic structure of a label as well 
as the chemical fonnula of a chemilumincscent label from the 




Scftcnte 1. Schcmaiic f>ct»r«efttfluan of :i luoUnoceac tebd Uop) ftiif) (he Outc 
campoaeoU: 9p:il-e£nenring unit (nuoresccr). spuer. jad anchar eroup is urdl 
us « concrete cxaiDfdc from (he /V-fi]cChy1acndtaiiim'9*(A<'Suiron]rl}cerboumide 
chsi of compouiuls (bouam). 



2,2.2. Reqairemenu for the Suiiakiilty as a Luminescent LaM 

The suitability of a compound as a luminescent label has 
certain conditions which must be fuinUcd:^-*'^ 

- Coupling to the compound 10 be analyzed (analytc) must be 
simple and quite gentle. A large paleilc of reactive groups is 
available for this purpose. 

- The luminescent properties of the label should not change 
significantly after the coupling. 

- The properrics of the labeled substance must not be altered 
signiucantly by the labeling. The whole spectrum of charac- 
teristics roust be taken into consideration, for example physi- 
co-chemical properties such as solubility and immunological 
properties. For the duradon of the immunoassay, the im- 
munological reactivity, in particular, must remain suiTidcntly 
high. 

Of course, these general requirements, with the exception of 
the second point, arc also applicable to other labels. The extent 
to which these points arc fulfilled greatly depends on the details 
of each system and differs from case to case. For instance, small 
molecules (molecular weight < 2 IcD) arc altered more signifi- 
cantly than large proteins when labeled with a marker of similar 
size. Proteins, however, are often more sensitive under the label- 
ing conditions; for example, syntheses cannot be carried out in 
organic solvents. Nevertheless, for most, the condtdons to yield 
suitable conjugates ace established by chemical modification of 
the signal-generating group and/or of the spacer and by choice 
of the optimal reactive group, 

2J J. The Signal-defieraiiiig Croup 

FundajTicn tally all kminesceni compounds can be considered 
to bcsignal-gencratiiig groups if they ejthibit a sufficient quannnn 
yield in aqueous solutions, are stable enough under the conditions 
employed, and can be functionalized synthetically in such a way 
that a reactive group can be bound and the properties can be 
modified, for citamplc, to increase the solubility in water or to 
change emission characteristics such as wavelength and decay 
lime. Variability is a prcrtquisite for the broadest possible applica- 
uon of the label. The most important fluorescent and chemilo- 
mincscent labels are considered in more detail in Section 5.'^"" 



class of yV-methylacridinium-9-(yv-sulfonyt>carbo.wmides is 
shown in Scheme I. A substance labeled in this way is designat- 
ed as a tracer. 



2.2. Lutuiincscent Labels 

2 J.I. Defifiitiofis of Terms 

The term luminescence^*^* serves as the generic terra for most 
light emission processes such as fluorescence, phosphorescence, 
chemiluminescence, electroluminescence etc. Exceptions are, for 
example, glow cmiision and coherent scattering processes. In 
practice, three categories arc often used, namely luminescence, 
fluorescence, and phosphorescence:. Luminescence vctvcs as the 
generic term for chemi- and bioluminescence. 



2.2 A The Re&ctife Group 

As mentioned previously, ihe rcacrive or anchor group is uied 
to bind the label to the substanoc 10 be labeled. Since coupHng to 
biolo^cal material such as pro reins, antibodies, honnoties ctc^ 
is frequently necessary , the formation of an add amide bond 
between activated carboKyl groups and amino groups is quite 
common. Many procesies for this are known in peptide chemistry 
which proceed in aqueous solution under mild conditions.**^* 
However, only a few reactions have achieved practical signifi- 
cance for labeling processes. Some of the most imporuntcoup- 
Hng reactions arc summarized in Scheme 2, Many luminescent 
labels have an A^-hydroxysuodnimidc (NHS) ester as the reactive 
group (Scheme 2a).'^^-^^i This reaaive ^otip has several ad- 
vantages:^^'* it can be r^dily aynthesi?^ from carboxylic acid 
derivatives:^^** corresponding labels can be purified to a high 
degree, for example, by HPLC; thus, labeling can be carried out 
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Schm* 2. Imporum UfeUnf p«cc«.: L - bbrl P = prouin. X - si«cer. 

in 1 defined and reproducible way. With the exclusion of mois- 
nre ii is possible to siore the label over longer rx^^°^\°^ 
anihoui the reversal of the coupling activity-"-*- ■' The cou- 
pling reaction of the succinimide with amino groups proceeds 
under mild conditions (room temperature) in aqueous solu- 
tions; in contrast, alcohols do not reaa with NHS 
these conditions.'"' As a variation of this reaction the label can 
also contain a primary amino functioi«ili>y as the leacuve group 
for coupling with an NHS ester functionality on the protcm 
(Scheme 2b). The conversion can also be achieved w«h fje 
sarboxyl groups, for example, of proieins. following carbod.- 
• .. , .-J" .u^ricii'-^'-^" Recently acn- 

imide or "miKed anhydnde methods.' - 

dinium ester labels with imido ester reactive ^oupi were oe- 
scribcd.'^'l Particularly m the c«e of fluorescert labeh. .n addi- 
tion to the the methods sircady mentioned the «oth,ocyanM« 
^oup is often ^or coupling with a^ino gr^^^^^^ 

to form thiourea derivatives (Scheme 20. J' 

shown i„Schcme2dforthecocpling by thiol addition to mae,c 

imido groups is well know^i in peptide chemistry- This icaa.on 
balso employed i" luminescent labeling'»'andplaysapamcu- 
larty important role in the coupling of enzyme labels 
proteins.*-**^ 

2J,5. Thi SpMT 

Usually simple. ,hort alkyl chains or groups "^j^^ c^^;"^ 
aromatic aad aliphaiic groups (cf. Scheme \) an: 

^"(r^. Chm. Int. Ed. £nti ii- 



Spacer 



Schcnit 3 Syntrais method fora ip»ccr*ilh *n NHS rcactjvcsroup w illus.Mictl 
by an cjiimpic jn iwluminol \M: DCC - ()ic7cIohciyla»fboduni.de- 



spacer. An example of the conversion of un amino group of un 
isoluminol labc) lo give an NHS «tcr is shown in Scheme 3.t^^» 
By using a spacer of the type shown, which contains several acid 
amide groups and ether bridges as hydrophilic units, the soiubil- 
iiy of immunoconjugalcs in water can bz improved.*"' 



13. Enzyme Labels 

AS a result of their practical significance chromogens and lumi- 
nogens are also dealt with in this article: these are employed as 
substrates for ihe enzyme Ubc) (Section 4). The reaction of luci- 
ferin dctivadvcs (naturally occurring bioliuninesccni compounds! 
with ihcir respective lucifcrasc (enzyme which caUlyzes the biolu- 
mincsceni reaction) leads to luminescent reactions with the 
highest known quantum yields. The leader in this field is ihc 
luciferin (Scheme 4)/ludfcra!ie system of the North American 



0 0 





Scheme d. Rrdly ludrerin nrfll ind a vabk dioxeunc deriv>i.« (rishtj. 

fircHy {Phorinus Pyralis) u^ih quanttim yields around 0.9 Ein- 
stein mol" ' ^ Since the end of the 19805 imporunt biogenic 
luoTcrases have been genetically engineered and arc thus now 
considered for routine applications.!* High quantuiT^ yields are 
also obtained by enzyme labels with stable dioictancs (Scheme 4) 
as luminogcnic substrates. The enzymes o(Ycn employed are al- 
kaline Dhosphaiasc and /J-galactosidasc (the residue R is phos- 
phate and ^galactose, respectively). Such enzymatic systems 
are dealt with in more detail in Section 4, 
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Since in general, enzyme labels are not obiainablc is stable 
univcnaily applicable labels, several methods for enzyme label- 
ing should be addressed. The coupling of enzymes lo antibodies 
or fragments of antibodies is often achieved by bifunaional 
coupling reagents. Some examples arc shown in Scheme 5. The 
reactions are analogous lo the methods already mentioned in 
Section 2.1.4, and details can be obtained from the refereocci 
cited in the liicraiureJ'*-*^' Coupling methods thai exploit the 
strong noncovalent bonding of the biotin/(strepr-)avidin system 
can only be referred lo hereP*^ 



3. ElectTomagneric Radiation as the Measured Signal 

3.1. Comparisoia of Light and Radioactive Radiaition 

A considerable disadvantage in the use of radioactive isotopes 
isihe necessity to undertake extensive safely precautions aeainst 
high-energy fi- or y radiation (up to 10^* kJmol"'). Since lu- 
minescent labels emit light which is not dangerous— mostly in 
the visible region of the electromagnetic spearura (£";5 
200 kJmol" :iafety measures for the protection from high- 
energy radiation are no longer required, Funhermore, the 
spccillc activity that can be achieved wuh radioisoiopcs has an 
upper limit set by the radiolyiic decomposition of the labeled 
material. Ubciing with the isotope '^M is usually limited To one 
utom per molccule.i^^-^'i In addition, ihc half-life of the ra- 

ICM8 



dioisolope, which, for example, is only 59.7 days for the fre- 
quently uted '"I, limits the storability of the labeled material 
and detsaion limits. Moreover, radioisotopes emit radiacion 
continuously even when a signal is not necsssary for measure- 
ment For the actual measurement, which normally lasts about 
a minute, only a tiny fraaion of the available signal, can be used. 
An advantage, however, is that a repeat measurement is possible 
at any rime. Luminescent labels, which have a considerably 
longer lifetime, emit all the available light within a very short 
space of lime once the light reaction has been triggered- In 
addition, the activity of the tracer can be enhanced further 
rnainly by multiple labcJings: in this way the sensitivity of detec- 
tion is increased. Repeat measurements on the same sample are, 
however, not po."isibk at least in the application of chcmilu- 
minesceni labels with rapid light emission. 

3.2. Photophysical Procsses 

In the simplified cncrgy-lcvcl diagram in Figure 2 th: most 
important photophysical processes are summarized with their 
typical lifetimes t [s) J^'i The radiative transitions shown can be 
used for the production of detection signals. Since radiarionlcss 
deaaivation leads to less efHcicncy. especially io long-livcd phos- 
phorescence process in solution, phosphorescence detection 
plays a minor role for luminescent labels, finally, the quantifi- 
cation in enzyme systems wiih chromogenic substrates (cf. Se<> 

Aftft^, CHtm. hi. El Enf^l 1W4.^J, 1004-1072 
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employed. AP has the highest caulytjc activity; however, it is 
inhibited by phosphate (produa inhibition) and cthylcnedi- 
aminetetnacetic acid (cdta; chcbtes Zn^* and Mg'* ions 
which arc necessary for enzyme aaivity). 

The oldest enzyme substrates to be employed in analytical 
methods are the chromogens. These are colorless and are only 
transformed into colored products by an enzymatic reaction. 
These products can be quantified photometrically; Scheme 7 
shows examples. 
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- 4 HjO 
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don 4) is ascribablc to absorption measurHmema. Photoexcita- 
lion and evaluation of the fluorescence provide the basis for 
fluorescent labeling (of. Section 5.1). The production of excited 
singlci states (5i) by chemical reaaions is nccessai7 for chcmilu- 
minesccncc dcteaion. The difference in energy between the 5| 
and So states for emissions in the visible regiofl lies between 167 
(red light) and 293 Umol" ' (violet light) For the effec- 
tive use of the principles mentioned, in each case, iufYident 
quantum yields are also a prerequisite. Further details are given 
for each individual luminophore (sec Section 5). 



4. Enzyme Labels 

The use of enzymes as labels presented the finl alternative to 
radioactive labelingJ^^l The basic idea is ver>' promising, be- 
cause no sienal-een<^ratijig compounds are used, but molecules 
(cniymcs) which produce a lot of signal-generating species. In 
this way an effective signal ampliftcaiion mtchanism is built m 
right from the outset. 

The three most important enzymes that arc used as labels are 
horseradish peroxidase (HRP) . alkaline phosphotase (AP) . and 
^-0-galactosidase (GAL). The reactions catalyzed by these en- 
zymes are summarized lo Scheme 6. HRP is the smallest enzyme 
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of the three with a molecular weight of approximately 40 kD 
(AP approx. ICO kD, GAL approx. 500 kD) and as a result 
proents the fewest steric problems. HRP is, however, sensitive 
towards antimicrobial agents (azidc, Thiomexsal) frequently 
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Tlie most important fluorogcnic substrates of the peroxidases 
contain the same structm^ element'^'* p-UO-Ctfl^'C-, 
whereas in the case of AP and GaW*'"*^' 4-methylumbeIlif«r- 
yi compounds arc preferred (Scheme 8). 

The chcmiluinincsccni arylhydrazidcs luminol and isolumi- 
nol*''^' (Scheme 9) arc known subscrates for HRP- T>;C quantum 



NH HRP -jfV^O" * 



Y 0 ^ Y S 



Lmm: )(»M.Y = NH2 
Isolufrtnot: NH2,Y= H 

ScHene 9. HRP-canilyzed oxidaiion ofluoiiooJ and tsoluminol. 

yields of the oxidation of these arylhydrazides. that the per- 
centage of the molecules of the starting material which at ihc 
end of the reaction afford a photon-emitclng final product, is 
approximately 1 %. The light intensity can be diastically in- 
creased (up to a factor of 1000!) by so<a]led enhancers such as 
6-hydroxybenzothia2ole derivatives orywra-substiiuied phenols 
in comparison to a non-enhanced reaction.'**' The underlying 
mechanism of this enhanced chemiluminescence is not com- 
pletely understood. The mo&t probable explanation is that one 
or more of the oxidation steps to generate luminol radicals dur- 
ing the complex reaaioa r-;'h .vay of diic enzymatic oaidation is 
accelerated.^^"! 

Dioxetane deri>'ative3 a: ' t),e most important chemilomino- 
gcnic substrates for AP and GAL'*'* (Scheme 10). Also in the 
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Scheme 10. A»i*m»ttlyfinclhoxy(prcwphorylBKy phenyl Wioieianc (AMPPO) ind 
stth$»fat«. This reaction is caialyzrd by A P and OaL. 



reactions catalyzed by AP 
and GAL, the chemilu- 
minescence can be en- 
hanced: for this pur- 
pose fluorescent tcnsides 
are particularly effeaivc 
(Scheme 1 1). Together with 
normal uusidc molecules 
(e.g. octyltrimethylammoni' 
urn bromide) they form 




NHCO-CCH^),2-CM3 

iKhemen Example (S(.V-ictn*Jftan. 
oyUmioo duo/rtccin)] of a lluartscrtu 
(enstdt. 



micelles into which the substrate diffuses immediately after 
enzymatic cleavage of the phosphate or galactosidc residue. De- 
composition of the dioxetane derivative in the micelle leads to 
an efTeciive transfer of energy to the fluorophore groups of the 
tenside molecules. This results in a considerable increase in the 
quantum ytcld'^'" (P^i = approx. 0.005 Einstein per mol; for 
comparison: in tenstde-free aqueous buffer solution is ca. 
10"^ Einstein per mol). According to the literature, as few ax 600 
different enzyme molecules have so far been detected by employ- 
ing dioxetane derivatives.^*'** 

In the detection systems described previously the signal-gen- 
erating group forms immediately in the reaction catalyzed by 
the enzyme label. There is also, however, a series of detection 
systems in which the signal-generating group is form^ only in 
a subsequent reaciion. In analogy to cnzymc-catalyicd reac- 
tions, considerable increases in the sensitivity can often be 
achieved by such coupling reactions. In the detection system of 
Seir/*^'^ the enzyme label AP catalyzes the formation of NAD * 
from NADP*. The NAD^ formed catalyzes a specific redox 
cycle from which a colored substance is produced (Scheme 12). 



CH3CHO 




NAD 



MADH 




formazane 

(COtWBd) 



lairazottum salt 
{colorless) 

Scheme 12. Example of a sieaifd arepJificauon; The NAD* formtd fiotn acu 1$ 
a C(L;ly:;( in i subscqucnl fcdatc>c(r. ADH = aleohol dchytJiogcnasc. 



The lower detection limit for the enzyme label AP with this 
method was given as O.Ol amol,^*^^l and in a more recent publica- 
tion^*"'! even O.Szmol (1 zcptomol JO*^^ mol); values 
which would have been inconceivable fordirea formation of a 
dye. I 

Another ihcthod for ihc highly sensitive dlctcction of AP was 
described by Chrisiopouios and Diamandi's.^''' AP catalyzes 
formation of 5-nuorosalic)'lic acid from 5-fluorosalicylic phos- 
phate. In a subsequent reaction S-fluorosalicylic add forms a 
strongly fluorescing ternary complex with jrb^'' and cdia the 
conantration of which can bequantiried byjtime-resolved fluo- 
rescence measurements (cf. Section 5.1.4). The lower d section 
limit was quoted as being 0,6 amol AP perjSO ^L sample vol- 
trnic. In the detection system of A. Barcti ct a\P^^ xanthine 
oxidase is used as the enzyme label. Tn the presence of cKygen, 
it oxidizes hyposanthine to xanthine and ur^c acid with forma- 
tion of supaoxide radical anions (0;"). Additiooal reactive 
oxygen spcdcs (H,0,. *Oj. OH') tr... lormiin subsequent rcac- 
tiotis are suitable for the chcrailuimnescent! oxidation of lucni- 
noi. 
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5. Luminescent Labels 

5.1. Fluorescent Lateling 

Huoraceni labels have been used for a wide range of applia- 
lions in biology, hiomcdicirve. and analytic methods for a long 
lime Apptations »-onhy of mention are fluanscaice deacon 
Wirt, HPLC after pT«x.lun,n or posccolumnde^^ 
cviomeiry.'"' (luorescence microscopy.'"' ONA analyas." and 
2e use as labels in immtinoassays. -hich will be covered .n more 
ddail here (see Section 5.1.1). Labeling is usiudty aeh«v«l by the 
fonnation of a covakm bond httu«n Ubel^s descnbed. m gen- 
eral in Section 2-and target substance. Ruorcicent dyes wwhout 
a rcaaivc group can be employed forsome puiposes. They are on y 
bonded associatively and as a itsult can aauinuJate. for example 
in cells. A review of nuorochrotncs that ait applied m raedione and 
bidoey as wen as their specmd data can be found in reference [36]. 

S.LJ. Special Requiremenit of Fluorateiit LaMs 
for Inoaaiioassayi 

Besides the pirrtously mentioned general requirements for lu- 
minescem labels, fluorescent labels for the use in immunMSsays 
should fulfill a f<* additional conditions which can be derived di- 
recdy from measuixxl data. In principle, nuoreseetw measuremwts 
of the highest sensitivity are indeed possibk,'*"" but, m practice, 
the sensitivity of fluorescent immunoassays (FIAs) s, however, 
drastically limited by backgttnmd fluorescence, light scattenng and 
quenching effects. Tbe intrinsic fluoresance of «um components 
i, mainly responsible for the hickground sipul"- *h.ch co«is a 
broad wavelength region. Serum ptoteim are excited, for example, 
ai 280 nm and emit at 320-350 nm. Other components such as 
NADH and bilinibin are excited between 330 and 360 nm and 450 
and 460 nm. respecnvdy, and fluoresce in the .ange 430-470 nm 
and 515 nir. nspcctively.'^" -nx: detection Emit for unmunooonju. 
gates of a noorescent label with bovine serum albumro or im- 
munoglobulin 0 (TgG) is on average 10 to 50 times m scmm 
than in bufler solution.'*"' Many solid phase materials, for aample 
poh/styrene, likewise yidd « blank reading. Light scattenng a 
problem, particularly, in soludons which contain P«''«";j " j' 
loidaOy dispersed nibstauco. In addition to Rayle,^and TyndaU 
scaircring at the same frequency as the exQtanon torn, Ra^n 
scattering also occurs with a frequency usuaUy shifted by apprca- 
matdy 50 nm. Fluorescence quenching an often resuW from 0^ 
smallest changes in the environment of the Buorophon! (pH. poUx- 
ity. oxidation level, pro^mhy of heavy atoms or ot^ absorb-g 
groups). If, for example, a protein is multiply Ubetol. two Hu^ 
Tophon. can becotneso dose thatsdf-<,ucncl^nB of tbesignal takes 

place if the absorpuon and emission spectra overlap. 

In onler to minimize the influences me..t,one<^ the fd^ng 
propertiesoFfhtoresoent labels are desimblc:'«U)loneestpo^b^ 

v-avekngth emission (500-700 nm). b) large Stokes shift of 
> 50 nm,c) long fluorescence lifedme of t> 20 ns. 

A suffidcntly loftg lifetime is particularly sienifionn.. applying 
theprndpleoff1uorescencepclariationtransrer(cfS«caoni.l^^ 

PuoresoL lifetimes r > lOQns fadlitate <^,^'^^.^^'°2 
men, of the s.gnal-t<vno^.- ntio and thus ol the ^'"^ C 
mea^-urementSn only take ptoaf^er decay of backgrtmndnuo- 

r^ and light scanering. This prindplc « ^PP^ .» ume^^ 
solved nuorescenee measurements which ar« explained in more 
detail in Section 5.1.4. 



5.7.2. Labtbfor Dirett Ffuoreseeni LabtBng 



The first compound used for fluorescent labeling of biological 
material by Coons et al. in 1941 was anthracene isoeyanais for 
the labeling of baaerial proteins.'"' The same Ei;oup introduced 
fluoroscein isothiocyanate (FITC. A. Scheme 13) as a more ef- 
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Scheme 13. Seleciexl nuorcsccnl Idbeb l-l. Sec Tjbk 1 
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recuve label Joon aJttnrards."" Although judging from its 
spectral datt this xanihcw dye (enable l)does not complete V 
ftiini the above-meniioned re<^uiremenis for fluorescent labels. 



T«ble I. Sptelfil <i«u of »''>=^ nuoresetai UbcbA-l. | 
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FITC has become the fluorochromc of choice in most applica- 
tions.^' - Despiifi the large nnmbcr of fluorescent labels which 
have been developed since, FITC still remains the most com- 
monly \i9cd in fluorescence immunoassays, possibly due to a 
high quantum yield and stability. Similar propenies are exhibit- 
ed by rhooamincs B which belong 10 ihe same class of dyes 
(Scheme 13). Both dyes can exist in the two isomeric forms 
shovi/n. a sptrolactone and quinoid stricture. 

Efforts to obtain fluorescent labels thai can be CKcited in the 
longwave region and also emit revealed, for example, that 
derivaiivcs of the phenoxarin dye resorufin were successful to a 
certain extent. In the synthesis of fluorescent labels, suitably 
functionalired resorufins arc obtained, for example, from ni- 
trorcsorcin and 2,6-dihydroxybcnzoic add after reducdon of. 
the initially formed resaiurine (resorufm-N-oxide) . Apart from 
the derivairve D shown in Scheme 13 which has a succinimidoyl 
ester as the reactive group, labels based on resorufin with other 
reactive groups arc also known. Compared to fluorescein, re- 
sorufin u less affected by the background nuorcsccnce of 
scrum.^^^' A longwave shift of exdiation and emission wavc- 
\cngihR is also possible with phycobiiiproicins,^***' which are 
obiained from different kinds of red and green algae. The struc- 
tures of the two prosthetic groups are given in Scheme 13 (G. 
HI. The compounds exhibit very high molar extinction coeiTi- 
dents and high quantum yields {>0.S).'*^*^ Not all phyco- 
biliproiein* couple wiih ihc protein at the A-ring. The sub- 
stances, which have, in the meantime, become commercially 
available, were first employed in fluorescence microscopy and 
now cytometry*, ihcreaficr as labels in immunoassays. When, for 
example, fluorescein was replaced by phycocrythrin in a iand- 
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wich immunoassay, i significant increase in semsiiivity (factor 
2-10) was achieved: however, this was below thai expected 
from the spectra! dau.'**' The size of the UbcJ and the diffi- 
culty in coupling are unfavorable. Since the phycobiliproicins 
show a broad exdtation and emission band, a parallel determi- 
nation of several parameters is conceivable by the use of differ- 
ent labels with non-overlapping emission bands. This was con- 
firmed in preliminary experiments. 



5.J.J. Ftuorsuence Polarization 

The prindple of fluorescence polarization/^^' known for a 
long lime, was first employed in the antigen-antibody reaction 
in 1 961 Fluorescence polarization immunoassay is based on 
ihe following prindple : if a fluoresdng compound in solution is 
exdtcd by polarised light, the observed emission is also polar- 
ized. The degree of this polarization depends upon the rotation 
rdaxation time and, thus, on the size of the molecule. If a small 
(Af: 1-lOkD) fluorescent-labeled fast-rotating molecule is 
bound to an antibody (Af ^ 160 kD), the result is an increase in 
the rotating rtlaxarion dme of the slowly tumbling immuno- 
complex and thus also the polarization of the fluorescence. With 
this principle one can differentiate between unbound labeled 
antigen and immunocomplex. The method is, however, not suit- 
able for large antigens, since the rotation hardly changes on 
formation of the immunocomplex. A more exact derivation of 
the measurement principles is given in referenos [63]. The tluo- 
rophores mentioned already can be used as labels, although 
substances with longer fluorescence lifetimes would be more 
advantageous. In most cases fluorescein isothiocyanate A is em- 
ployed. Accordingly, the sensitivity is limited by factors men- 
tioned already. 

Since no separation step is necessary with this principle (ho- 
mogeneous immunoassay), determinations can be carried out 
relatively easily provided that sensitivity in the picomolar region 
is not required- Fluorescence polari7^iion Immunoassay is wide- 
ly used particularly in the area of drug analysis.^"***** This 
method can also be employed in environmental analysis, for 
example, in the determination of polychlorinated biphenyb 
(E^^Bs). Fluorescein derivatives arc used 3s labcls.^^^' 



5.1.4, Time-Resoh td Fhx&rtsctHcc 

It has already been mentioned that the limiting background 
fluorescence and the scatiering effects can be excluded by the use 
of labels with very long fluorescence lifetimes and by taking 
measurements only when the background signal is no longer 
present. Generally, the lifetime of the unspecific background 
signal is less than 1 0 ns. For an interference-free measurement of 
a spcdftc signal, labels arc required whose lifetimes arc at least 
10 times the decay time of the background^'*'' Suitable organic 
fluorophorcs with lifetimes t >50 ns are, however, very rare- 
Pyrene derivatives such as F in Scheme 13 exhibit lifetimes of 
approximately lOO ns, which, however, were shown to be insulfi- 
dent.'***' The lifetimes of phoshottsccnce processes arc con- 
jiderably longer. The prindple applicability of phosphorescent 
labels, such as eryihrosin dsnvatives in oxygen-free solutions, 
could indeed be shown"^^' but no progress with phosphores 
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cencc ^i'as achieved due lo its low quanium yields and high 
expenditure. 

It wjs not until complexes with rarc-carth metal ions, pritnarily 
europium(ni). wc employed zs labels lhai prospects of atiain- 
ing a dmsuc improvement in the sensitivity of fluorescence 
immunoassijys by time-rcsolvcd racaaurenr.ents and develop- 
ing more sensitive fluorescent alternatives to RIA were real- 
ized.'"*"*' The use of europium trisdiketonates was proposed 
by Wiedcr*-*"' in 1978 and developed further by other 
groupsJ**^^ 

The chelate complexes of europium{iTO' terbiumOn), saraaii- 
um(mK and dysprosium(iit) are distinguished by unique fluores- 
cent propcriics (cf. I in Scheme 13 and Table 1). Apart from 
extremely long lifetimes of about 1 us w 1 ms, a very large 
Stolce's shift (>200nm) and shaiT emission lines impan the 
complexes »snih a high sensitivity (10" molL" The 
reason for the observed lifetimes lies in the excitation/emission 
mechanism. After excitation of the ligand to the 5, state and 
intersystem crossing to an energetically suitable triplet state of 
the ligand, an effective energy transfer to the resonance state of 
the metal ion occurs, which then gives rise to a sharp emission 
characteristic of metal ions.^*' 

The fiuoresceni properties of chelates of rare-earth mecab 
alone iiill do not produce an efficient label for immunoassays. 
What is essential, also in aqueous buffer solution, is a stable 
binding to antigens and antibodies. Due to iheir high stability and 
solubility in water, polyaminopolycarboxylacc chelates, chiefly 
derivatives of eibylcncdiamineteiraacedc add (edta) or diethyl- 
enctriaminepentaacclic add arc used for most applications. The 
use of diazo- and isothiocyanatophcnylethylcnediaminetri- 
acetaie for coordination to curopium(nr) and tcrbtum(ni) has 
been descnbedJ^^- Likewise, mixtures of dhylencdiaminctri- 
aceuc acid, terbium<m), and S-sulfosalicylic acid/''-'^' tnix- 
tures of an edta denvaiive. curopium(nn, and a H-dikc- 
lonc^'"^^'' as well as dicthylenctriairJnetctraacetic acid 
derivatives with different trivalent lanthanidcs^^'*^'"'' ''^^ were 
employed for the labeling (Scheme 14). 
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Since many of the very stable lanthanide chelate complexes do 
not fluorescence with these ligands. a dissociation strp musi be 
carried out prior to dctccdon.*'*' Furthermore, once ihemmiunc 
reaction is compieie. a so-called enhancement solution is added 
a(^er washing, which leads to ihc dissociation of thcchdale com- 



plex and to the formation of fluorescent complexes [DELFIA 
system (i>issociation Enhanced Lanthanide fluorescence /m- 
muno-/1Ssay)l. The 1,3-diketones ^-naphthoyltrifluoroaceione 
and pivaloyltrifiuoroacetone are commonly employed. 

The use of chelate complexes with trivalent lanthanide ions 
facilitated not only the development of highly sensitive immuno- 
assays by timc-rcsolvcd moaiurcmcnt. btit also the simultaneous 
determination of several parameters, since Eu"*. Tb"'. Sm^\ and 
Dy"' complexes emit at considerably different wavelengths and 
have different fluorescence lifetimes. Several double deiermina- 
lions have been described;^'^- "'^ Eu"VTb'" chelatesl'*^! or £u'°/ 
Sm'"^^^' complexes were used as label pairs. In simultaneous de- 
terminations of two paramcten from each, the dissociation/ 
enhaiKcmcnt principle was employed. A simultaneous and 
highly sensitive detcnninaiion of more than two lanthanide la- 
bels is, however, not possible with the simple enhancement solu- 
tions. 

Simultaneous multianalytc determinations arc gaining inter- 
est,'"^ since with the four lanthanide ions mentioned and special, 
ly developed enhancement solutions, so^alled coyiuoresccncc- 
based enhancement jglulions (CFES) four parameters could 
be determined simultaneously by using time-rcsolvcd rluores- 
ccncc measurements.'^^' The enhancemen: solutions formed in 
this way consist of a dissociation clement, pivaloylirifluoroacc- 
lone and Y"', as well as an clcmcni, LlO-phcnanihrolinc which 
enhances the fluorescence. Europium(ni) and ierbium(nO 
chelates with maaobicyclic ligands that contain a,i'-bipyridinc 
or 1,10-phenanthroline units were already described earlier as 
efTicient luminophorcs which ad as molecular light irans- 
formers.'"^' 

5,1.5. fluorezcenct Energy Tranifir 

In the application of fluorescent labels for immunoassays, the 
principle of fluorescence- polarization, which facilitated devel- 
opment of homogeneous immunoassays, has alrrady been men- 
tioned. Another method, in which no separation of the unbound 
labeled molecules from the immunocomplexcs is necessary, use* 
fluorescence energy trans fcrs.*^^* In this case an energy trans- 
fer from an electronically excited fluorophore (donor) to a neigh- 
boring acceptor dye molecule (quencher) occurs by dipole-dipole 
coupling. According to Forstcr**^* the efficiency of the energy 
transfer is indirectly proponional to the power 6 of the distana:. 
With Fdrstcr's theory distance measurements in moleculci, for 
example, can be obtainedj*^' and for cffieicnl energy transfer 
distances musi not be greater than 10 nm. This condition is ful- 
filledinmany antigen-antibody complexes. If, forexampk, the 
antigen is labeled with the donor and a specific antibody is labeled 
with the acceptor, quenching of fluorescence (of the donor) 
occurs in the immunocomplex. In a mixture of labeled and unla- 
beled antigens the fluorejiccnce signal increases with the quanti- 
ty of the unlabeled analyie lo be determined. 

The requirements for the fluorescent labels (donors) that 
should be employed in energy-transfer immunoassays are the 
same as those for fluorescent labels already mentioned. Funhcr- 
raore, the choice of the donor- acceptor pair must be such that 
the emivsion spectrum of the donor arxl the absorption spec- 
trum of the acceptor overlap well. In the bcginniTig the use of 
the donor -acceptor pair fluorescein isothiocyanau/ietramethyl- 
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rhodamine isothiocyaiutt was described*****'' Since interference 
from background signals such as badcgroimd fluorescence from 
scram arc pamcuhrly large in homogeneous imrmunoaisay. stan- 
dard labels such as fluorejcein isathiocyanaie. umbclliftfrones, or 
dansyi chloride certainly arc of little significance. For the latter, in 
addihon, ihc high ansitiviiy for background effects is disadvanta- 
geous. The same can be said for rhodamincs such as tetramcthyl- 
rhodamine. Due to higher absorption and emission wavaium- 
bers. phycobtliproteins and lanthanide chelates are better suited 
as donors. With the latter particularly in conjunction with time- 
resolved measurements, the development of more sensitive fluo- 
rescence encTigy-transfer immunoassays is possible Also substi* 
micd fluoresceins with abwrption and emission wavelengths 
greater than 500 nm (cf. Scheme !5) vyere used a* donon.^*°' 
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ScfcrinclS. Fluorocein dcrivttiivei crapIo>cd in fluorescent energy rnitfftrt; 
O - donor mnlcculc*, A - acceptor molecule*. 



The energy acceptors (quencher labels) should ideal!y fulHll the 
following conditions;!"^' a) high extinction coefTidcnt of the 
emission wavelength of donor; b) no fluorescence during excita- 
tion in the absorption maxima of donor; c) good solubility in 
water in order to facilitate multiple labeling with the quencher 
(greater quenching effect]: d) the smallest possible background 
inierference in the absorption spectrum. 

Since frequently used acccpton; such as leiramcthylrho- 
damines do not fulfill these requirements, new non- fluoresces 
nuoreocin derivativct were described which form efTectivc pairs 
with the donors in Scheme i5j"'**J 

Fluorescent labeliog and the principle of fluorescent cnci^ 
transfers have recently also found application in the develop- 
ment of biosensors.'"' Detection can be based on the quenching 
of emission from the donor, new emission from the acceptor, or 
on the ratio of both emission wavelengths. One biosensor prin- 
ciple based on Langmuir-Blodgett films and fluorescence ener- 
g>- iransfer with a cumarin derivative as donor and tctrameihyl- 
rhodaminc as acceptor was recently described.'***] 
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5.2. Cbemilorainescent Labeling 

A considerable difference between chemiluminescjcni detec- 
tion systems and fluorescent labels is that former do not require 
the irradiation of the exciution light. With these chemiltiroines- 
ceat systems, in particular, in working with serum, the problems 
with high background signals, which are mainly responsible for 
the limited sensitivity of many methods with fluorescence detec- 
tion, arc prevented. However, in several chemiluminescent la- 
bels, complex systems comprising oxidation reagents, signal en- 
hancer additives, and catalysts can likewise lead to an unaccept- 
able high background signal, which, of course, has an adverse 
cffea on sensitivity.'"^' In the case of chcmiluminescencs detec- 
tion in analysis systems, which above all arc applied in medical 
diagnostics, compounds mainly from the following categories arc 
employed:*' 'o-u. ni lucifcrins in combination with the corre- 
sponding hjcifcrases, cyclic arylhydrazides, acrid inium deriva- 
tives, stable dioxecancs, and oxalic acid derivatives. 

5J.7. ^olumncscesce 

The luciffrinlhdciferase system of (he North American firefly 

One of the most well-known and most studied light systems in 
nature '^operates" in the North American firefly (Phounui 
Pyralus) . Although the mechanism of bioJumincsccncc has been 
studied for more than 30 years, and the benzoihifizolc derivative 
lucifcrin became available synthetically and was structurally de- 
termined at the beginning of the 1960s, not all the details of the 
bioluminescence reaction have been elucidated. Since a more 
detailed descriprion of this and other bioluminesccnt systems 
would go beyond the framework of this review article only the 
latest developments art described briefly. 

As had been assumed for a long time^ *'•*'' and to a large 
extent proven at the end of the l970s,'"^' the specific ludferase 
of the firefly catalyzes the oxidation of lucifcrin in the presence 
of ATP and magneiium ions (Scheme 1^. Initially a complex is 
formed from the acyl-AM? species of luciferin and ludferase. In 
the presence of oxygen oxidation ensues to give excited oxylud- 
ferin which returns to the ground state by emitting a pho- 
!is.fl9.90j j„ y^yQ yellow-green emission (l^ 565 nm) 
of the dianion was observed and in vitro an additional red cmis- 
siof* (^-^p =615 nm) of the monoanion which was pH-depen- 
dent.'***' The oxidation proceeds presumably via a dioxc- 
tanone intermediate'* *'*'^''^l which dccarboitylaics to furnish 
excited oxyludferin. 

To what extent one can view the often proposed dioxetanonc 
as an intermediate or rather as a transition state is, as in the 
luminescent systems previously mentioned, still unclear. Instead 
of the dioxetanonc intermediates in the oxidation of luciferins. 
acridiniumcarboxylic acid derivatives, and oxalic add ciccra, the 
direct forraaiioa of cidted products by charge-transfer can also 
be assumed during the decomposition of peroxide intermedi- 
atesJ*^' The mechanistic details cannot be emphasiicd within 
ihc framework of this- review and interested readers should refer 
to the references (11, 87. 92. 93). 

All in all. the light reaction of the Grcfly appears to be elud- 
dated. However, the aisumption. first made at the end of the 
1 950s [hat Cocnrymc A also plays a role in the light reaction 
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Scheme 16. Chemisiry or the light reaction or th« Circfty; PP = pyrsphwphatc: 
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has been comfifTned in the pist few years.'®'- Addition of the 
coen2ymc may further improve the applicability of the firefly 
luciferin/Iucifci^sc system in the near future, since the intensity 
and duration of the light emission can be increased. The limiting 
factor for this nneihod until now, in Addirion to the limited hy- 
drolytic srabiJity of ludferin and the sensitivity of ludfcrase. was, 
above aU, the poor availability of the enzyme which could he 
extracted from furflys. In the meantime the siioation has funda- 
mentally changed since the Photinus Fyralis luciferase, a protein 
with a molecular weight of 62 kD, can be expressed in bacteria, 
forcxample £. coli. by genetic engineering methods." ^-^''"^ '^^ 
The availability of genetically engineered ludferase and synthet- 
ic luciferin has now increased the expectation that this system, 
which with a quantum yield of up to 0.88 Einstein per mol is the 
mostefTidentof all known bio- and chcm luminescence systems, 
will be more widely applied than previously. 

In the last thirty years essentially three synthetic pathways for 
the constraction of fircfly ludferin have been described, all of 
which proceed via the key intermediate 6-mcthoxybcnzolhia- 
Zole-2-carbonitrilt (Scheme l?).^^' '" The routes differ in the 
synthesis of the incenncdiate. Recently a new synthesis'*" has 
been published in which 6.methoxyben20tbiazotc-2-carbonitrile 
is obtained in one step by Sandmeycr cyanation of the commer- 
dally available 2-amino-6-mclhoxybenzoihiazole {Scheme 17). 
The remainder of the synthcTic pathway is already well-known; 
cleavage of the methyl ciher and condensation u/ith txysteine 
famish the luciferin. In reference [99], earlier syntheses arc also 
summarized. The oldest and until now most important applica- 
tion of the fircny lucifcrin/ludferasc system is derived from the 
ATPHdcpendence of the biolumincsccnce reaction. Hence, a scn- 
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sitivc ATP determination can be carried out by using this system. 
AT? assays"^"^ are of interest above all in the screening for 
microorganisms in clinical microbiology in the areas of hygiene 
and nutrition.^'**** A more recent application of steadily increas- 
ing significance is the use of the firefly ludferase gene as a 
reporter gene for the quantification of the gene expression in 
U9. 1131 figpg ^ measurement of the light emission is made 
after addition of luciferin. 

The use of luciferin derivatives/^"^' which themselves ;trc not 
substrates for luciferase, as substrates in enzyme immunoassays 
offers additional applications. After the ludferin has been re- 
leased light emission is determined in the presence of lud- 
ferase," In this way derivatives in which the phenolic hydroxy! 
group has been functionalized, such ai D-ludfcrin-O-sulfate and 
-0-phosphaie, can be cleaved by sulfatascs or phosphatases. If 
Lhe carboiyl group of the ludferin can be functionalizcd (methyl 
ester and phenylalanine and ar^inine amides have been describ- 
ed), the ludferin is released by carboxyesterases or carbo.^ypep- 
cidases.^'*'^* Ludferin -0-phosphatc as substrate for alkaline 
phosphatase, in comparison to the chromogenic substrate p-uy- 
trophenylphospaic, fadlitatcs a sin ty- fold increase in sensitivi- 
ty.' In addition, D-ludferin-j3-t>-galaaopyninosidc as sub- 
strate for ^-galactosidasc was described,"''*' 

Bacterial luciferin derivatives! luciferases 

In luminous baaeria such as Photcbaamum fischeri and 
Fhotobacterium phosphoreum, light production ensues from the 
oxidation of long-chain aldehydes in the presence of reduced 
flavin mononucleotide (FMNHj), oxidoreduoasc, and bacterial 
ludferase.^* The intermediate is assumed to be a per- 

oxide formed from a long-chain aldehyde and a flavin building 
block (Scheme IS). Depending on tJic baaerium. hght emission 
occurs in the blue-grccn to yellow region of the spectrum with 
quantum yields of up to 0.3. The emitter is presumably a hydroxy 
derivative of FMN." ^- ' »"Mn \'itro blue light (A^, = 492 nm) 
is emitted." ^' As with the firefly ludferase, several bacterial 
lucifcrases can be obtained by genetic engineering.'*^* 

The bioluminescencc of baaerial ludferases can, in prindple, 
be used to determine all the components that partidpate in the 
luminescence reaction, that is, NADH, NADPH. FMN. 
FMNHj. long-chain aldehydes, and o^cygcn."""' The possibil- 
ity of determining the concentration of the exircmdy unstable 
FMNH, is theoretical. The use of bacterial ludferases is indeed 
still less widesprwd. The biolumincsccnt determination of long- 



1055 



A. Mavcr and S. Ncucnholcr 



n>6 n 



0 .r' 



NA0(P)H/03 



0 H 

ho'' . 



P 
OH 



So 



Scheme 13. B&cicrial ii(hi lysccmi 



chain aJdchydes^*'*''' and trace analysis of oxygen'***"^* have 
some significance. K further field of applicaiion Ls ia homoge- 
neom DNA hybridizarion assays."*''**'^ The system for che 
biolumincsccm detcnnination of Papilloma viruses serves as an 
exaaiple.t**»'J 

Lueiferin derivatires with imidazopyrazin^ building blocks 
and photopTOtdns 

Bioluminescence occur particularly frequently in marine life 
such as in crab*, jellyfish, mussels, sponges, fungi, and many 
I^j(, t?.«b,ifl9i jj^g ludferins of the mussel crab Cypyridma 
hii^indarfiL sea pansy lUnilla reniformh. and of the jdlyflsh 
Aequorea aeqvorea show a structural similarity (Scbemc 19) 
which infers a common bios^nthetic pathway.''^*'' The lumines- 
cence mechanism is thought to consist of a catalytic oxygenation 
followed by ring closure to give an a-peroxybcione. This inter- 
mediate decomposes with the fornution of the emitter and car 
bon dioiidc (Scheme 19). One should refer to the relevant dis- 
cussions of the theories concerning the Firefly luminescence 
mechanism in specialist literature. 

The phoioproicin Aequorin. which was obtained from the 
jelly fijh Ae^uorea Victoria in 1962. has aroused particular inter- 
est in recent years.'***" U consists of a complex of apoaequorin, 
codcnicrazine (cf. Scheme 19), and molecular oxygen. Addition 
of calcium or siromium ions to the complex triggers light emis- 
sion.*' One assumes that the binding of calcium ions to the 
pro(ein induces the decomposition of ihe resulting oxygenated 
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chromophore. An additional ludfcrasc is not necessary. The 
emitter was postulated to be the protein-bound anion of the 
chromophore (cf. Scheme 19).**''*''' The active phoioproicin is 
rcgcncraicd by incubation of the apoprotein with the coelcn- 
taraiine in the presence of oxygen, ethylenediamineieiraacctate, 
and mercapToclhanolJ^'°*' In the meantime the apoprotein has 
become accessible by expression in £. co/iJ* * The synthesis of 
the coe]enicra:rine wa.<i described long agoj'""**^ and in addi- 
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rion ihcsvnthcsis of some sysiems with amodifiedjtniciure was 
rcponcJ.'' ' ••' The synthitic route is summariied in Scheme 20. 

Asquofin con be uicd as a bioluminesccnt label after biolin- 
ytaiion. The iriggcringof lighl emission results from addition of 
oldum chloride solution. The label can ilso be detected in the 
aticmol region. This label facilitated, for ewmple, the develop- 
ment ofa hlKhly seiwitive assay for SMimonslla detemination. 
With regird'to 'the sensitivity the test was shown to be clearly 
superior lo other ELISA tests (see Section 3.1.2). eveo those 
with alkaline phosphotase as label and with chemtluminescent 
dioxeune AMPPD as subsiffite."'^-" In addition, the use of 
Aequorin in DNA and protein diagnosiies" "'I and thedeter- 
minaiion of serum glycoproteins has been desciibed. " 

5.1.1. Cydie Arylhydraddes 

The chemiluminesceflce of luminol (3-aminophlhalic hydr- 
aade) was observed in 1928 in the form of blue light which was 
emitted during the oxidation with an alkaline solution of hexa- 
cyanofcrrate(m) in the preance of hydrogen peroxide.'"*' Lu- 
minol and carboxylic add hydrazides have since been extensively 
studied. A wealth of reagents and catalysu can be employed in the 
oxidations of luminol and its derivatives. In organic, aprotic sol- 
vents, chemiluminescent reactions can be triggered by oxygen m 
the presence of a strong base. In aqueous solutions hydrogen 
peroxide is usually employed in the presence of caulysts such as 
peroxidaies. hemin. and cobalt(!i)$alts.'"" Hcrseridish perox- 
idase (HRP)/H,0, is frequently employed. In the ""f^^of 
time, different reaction mechanisms have been discussed. A 
simplified reaction mechanism, which is only applicable for a 
ooe^lectron oiidation and which affords the free luminol radi- 
cal, is given in Scheme 21. According lo a more recent review 
artide it is suggested that the mechanism should be divided into 
two step*, formation of the key intermediate, an x-hydroxy- 
hydtoperoxidc. and its decomposition to the exaied emitter. 
Whilst the formation of the hydroperoxide depends consider- 
ably on exact reaction conditions, decoirposition of the key 
intennediatc is only influenOid by pH. Under these condmons 
the emitter appears to be the monoanion of ammophrtalic aad_ 
With other reagents, for example DMSO/base. the dianion of 
aminophthalic acid functions as the emitter. Intermediates m 
other proposed mechanisms are azaquinones. endoperoiides. 
and other peroxidic intermediates.'' 

One of theoldest applications of luminol. whidi is stiU impor- 
tant today, is forensic blood analysis.'"" The application of 
luminol as a substrate for peroxidases in enzyme immunoassay 
has already been mentioned. Coupling reactions ore necessary 
for the synthesis oflabels for chemiluminescent direct labeling 
The study of the chemiluminescent properties of luminol and 
isoluminol derivatives"'" had revealed that isoluminol only 
has approximately 10% of thequantum yield of lummol. Since, 
however, the chemiluminescent quantum yield of lummol de- 
creases significantly'"- • if P"'"^'^' 
is substituted, isoluminol derivatives, which are noi sensitive 
with regardto substitutionof the amino group, or the even more 
advanugeous naphchalencdicarboxylie add hydraz.d« which 

exhibit high«Iightyields.'^''''*'*"««»"''^="'P'7^;"^^' 
synthesis of arylhydrs^ide labels. T^'^^^rst ■''-'f *f °" ' 
nol. diazolumino. '-i clearly showed the disadvantages out- 
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lined and the quantum yield decreased \o 1 % of that of luminol. 
Considerable improvcmenis were brought about by isoluminol 
derivatives in which the coupling group was introduced via the 
amino funcrionalicy.t * ^ The stnicnire and the synthesis of some 
importani arylhydrazidc labels are summarized in Scheme 22, 
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4-Amino-^-methyiphiKalic imtde served as the 
mrting material, which was suc«srivcly ellcylaled 
with //-(broraoalkyl)phthalic imidcs and diclhyl- 
julfalc. The subscquem hydrazinolysis of the bis- 
phthalic imidc fumished ihe frequently used phchal- 
ic hydraiidc labels ABEI and AHEI (yV-ammo- 
butyl- or >/-aT7iinohCTyi-/V-cihylisoluniinol\ which 
contain an amino funaionality hs the coupling 
group. The phiha'ic hydrazidc label ABENH (A^- 
aminobutyU/Z-ethylnaphthylhydrazide) was ob- 
tained by a similar method. The starting material 
was dimethyl 7-aniino-(,2-naphihalenediearbox- 
ylatcJ^'*'*" Derivatives of these three labels which 
contain other reactive groups (isoihiocyanate. N- 
hydrotysucciniraide ester) are also known. Con- 
version of AHEI to a derivative with a jV-hydroxy- 
succinimide-Ttaciive ester was shown previously in 
Scheme 3. 

Arylhydrazidc labels have and arc finding broad 
application in immunoassays for cbemilumines- 
ccnt labeling of small and large molecules.^'*^' A 
distinct disadvantage is the considerable loss of the 
Imninsccncent quantimi yield of the label after the 
coupling. Furxhcrmorc, these labels are prone to 
interference since many components caulyze the 
luminescent reaction. In addition, the reagents 
which trigger light emission give rise to a large 
background signal which decreases the sensitivi- 
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5JJ. Acrii&fiiam Cc^pAundi 

The chemilumincscence of (ucigcnin [9.9'-bis-(A^-methylacri- 
dinium nitrate); Scheme 23) was rcponcd in 1935.^'^°' But ii was 




Scheme y, £umplc« orchrmilununnsccnt acrkJinium cumpound} and eciidancj: 
Z 3 IciviQg p«tip. 



not until around thiny years later that studies led to other 
chcmiluminesceni acridinium compounds. These are specifically, 
9-chlorccarbonyt:u:ridinc hydrochloride.**"' 9-carboxy-lO- 
methybcridinium chloridcj^-*' and 9-cyano-lO-meihylacridini- 
um niinitc.**^-' Today 9-acridiniumcarboxylic acid derivatives 
and acridanes are among the best-studied examples of chemilu- 
mincsccnt compounds. No additional reagents, apart from hy- 
drogen peroxide and base, are necessary for the chemilumincs- 
cence of acridiniumcarboxylic acid dcrivarives. Quantum yields 
of up to approximately 0.05 can he anaincd with aryl esners:" *^ 
higher still 4rc the light yields which can be attained with 



acrid a ne aryl esters. The latter exhibit cflicient chemilumines- 
cencfi after treatment with a base in the presence of oxygen.'* 
Only Ihe acridioiumcarboxylic acid derivatives that have been 
more important for the development of luminescent labels wfU 
be considered in rr.ore detail below. The mechanism of their 
chemiluminescenoe shown in Scheme 24 can be considered to be 
elucidated as far a£ possible. 

First of all, addition of hydrogen peroxide takes place at the 
elearophitic C-9 position of the aeridinium unit. In the case of 
aryi esters— the leaving group Z then stands for phenolate— the 
corresponding hydroperoxides could be isolated and character- 
ized.*'"' After the addition of hydroxide spontaneous chemilu- 
mincscence resulted, usually as intense light flashes, A dioKC- 
tanone is often proposed as inteTOicdiitc, which decomposes to 
give carbon dioxide and electronically exdtcd N-methylacri- 
donc. the emiticr. The transition to the ground state ensues by 
emission of a photon at a wavelength of approximately 430 nm. 
According to more recent staidies,*"*'^ however, no dioxctanonc 
seems to appear as a discrete intermediate. The final product of 
the light reaction, ^-methyl acridanc. can also be formed by 
other pathways in dark reactions. An important prerequisite for 
degradation in the dark is the well-known* pH-depcndant 
picudo-base equilibrium of acridinium compounds.' The re- 
actions, which for the phenyl ester were studied more accurately 
in a flow system.'*-" are integrated into Scheme 24. It is imme- 
diately clear that both the lighr rtactic - ^id the dark process arc 
dependent, for instance, on the properties of the leaving group 
Z. Other impo riant factors include ihe peroxide concentration 
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and the pH value.i'''' McCapraci al. showed that for cfTcc- 
rivechemiluminescencc ihep^fvalueofihc conjugate acid of the 
leaving group should be las than 1 2- -the pK value of hydrogen 
pcroxidc.^^**'*' Since a good label should exhibit 3 high chemilu- 
minesccnt yield in addition to a high sLabiliiy in the labeled 
reagent, the discovery of suitable compounds can be equated to 
a fine balancing act, ctiding in a compromise between light yield 
and stability. 

The first attempts to use 9-acridiniumcarbo)c>l£tc as a label in 
immunoassays were reported at the beginning of the 1980s. In 
this an attempt was made to couple aryl esten, which contained 
free carboxyl groups, to proteins, after activation of the car- 
boxyl groups. These labeling experiments had only limited iuo 
ccjs (nai not unul a phenyl ^-methylac^ldi^ium-9-car- 

boxylaie, containing a hydroxysttcrinimidc ester on the phenyl 
group as the reactive group for coupling to proteins, was used 
that successful labclings could be carried out.t'"'" '^'^ The syn- 
ihesis of this prototype of a chcmilumincsccnt label based on a 
9-acridiniunicarboxylic acid derivative,*'^' i26.i«-i3fli ^hc so- 
called Woodhead label, is sumimrized in Scheme 25. 
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Scheme 25. Synthrtii of an aoidinium cstcc labri. 

An impoTUni precunor for this and other labels discussed 
later wa^ 9-acridine«rboxyItc acid, whose synthesis is shown in 
Scheme 26. One reaction route stars from acridine and pro- 
ceeds via 9<yanoacridine to give the caxboxyhc aad- In 
another synthetic method 9-aciidinecarboxylic acid is fomed 
from diphenylamine. which Is acylated with oxalyl chlorde and 
is cyclized by using alumintun trichloride to give the //-phenyl- 
isatine.""' "me synthesis of substituted ecridmecarboxylic aads 
from substituted N-arylisatines has also been desoibsd; how- 
ever, it appears to work only on a very small scale. 

Since the aciidininra ester label mentioned was not sufftaoiily 
stable for development of commercial chcmilum.r^.--ence -m- 
mMnoassaysi'^'- (hydrolysis of the ester bond (cf. degrada- 
tion in the dark in Scheme 24) results in a too np.d a decrease 
of activity in conjugates), different research groups have been 



Scheme 26. Possible synilK'Jc rouirt to 9.acn<iincc4rb6»ylic acid. 



looking for more stable labels based on acridiniumcarboxylic 
acid. One solution to the problem involved the stcric shielding 
of the ester bond and the C-9 position of the acridine unit, for 
example; by methyl groups in the 2.6-posilion of the ao'l 
ring.*'^^' In addition, other 9-acridiniumcarboxylic acid-(2-6- 
substituted)aryl esters were describcdJ'"' Here the fcaciivc 
group can also be bound through a spacer to the acridinium 
system. To complete the picture one should not forget to men- 
tion that aryl A^-mcthyiphcnanthridinium-6-Girboiylatcs have 
been described as chemilumincsccnl labels.* 

Other research groups have attempted to improve the proper- 
lies of the acridiniumcarboxylic acid derivatives in comparison 
to those of [he aryl esters, by varying the leaving groups. Thiol 
esters, indeed, brought about progress in as far as the light yield 
is concerned, but not, however, as regards to hydrolytic siabili- 

11381 signiflcaat improvement of the sUbility and very good 
chemfluminescencc quantum yields were achieved when A'-sul- 
fonylamide anion was used us the leaving group instead of phcn- 
oxide/^^""**^' In this class of compounds the spectrum of prop- 
erties can be influenced much more specifically than for the 
acridinium ester labds by tailored variations in the struaures. 
For instance, (he solubility in water (an important parameter) 
can significantly improved by the introduction of suitable 
substiiuenis.'^" **^' The synthesis of Ar-mcihyIacridinium-9- 
(iV-sulfonyt)carboxamidc labels is summarized in Scheme 27. 

In addition- the hydrolysis behavior and the kinetics of emis- 
sion can be varied to a certain exteniJ"^' Although phenols 
and sulfonamides have similar pK values, labels with the latter 
are usually considerably more stable. This may be attribmcri to 
a combination ofstcric shielding effecis and electronic stabiliza- 
tion,*'*^ '""^^ through which the dark reaction pathways de- 
scribed are minimized. It is assumed that in N-sulfonylcarbox- 
amides there is an incrrased bond order of the C-N bond in 
comparison to the ester C-0 bond. This is also evident from the 
frequencies of the carbonyl streiching vibration in ihc IR spec- 
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Labels based on 9-acridiniumcarboxylic esters and acridini- 
um-9-(VV-5ulfonyi)carboxamides have, in the meantime, found 
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broad applicactoa in commcrical immunoassays (see Section 
6).*'*** *"* Up until now only a few applications for other 
acridinium derivaiives have been described. For example, luci- 
genin can be used in miccllular chcmi luminescence assays for the 
detenninaiion of rcductants (ascorbic acid, uric acid, glucose, 
and fructose) The micelles are necessary to improve the 
solubility of lucigenin. 

5X4, Dioieranes 

Dioxetancs have for a long rime been regarded as merely hav- 
ing curiosity value in the laboratory. Use of the extremely un- 
stable compounds in reagents for diagnostics was not considered. 
U was not until after adamantyiidcneadamantane-i.2-dioxetane 
iun extremely stable compound due to the stcric .shielding pre- 
pared by W. Adam ct alJ'*"" in 1972) became known that the 



development of dioxcUne labels really took ofT. Light emission 
could only be irifigcred thermally for stable dioxetanes of the 
rype mcniioaed which exhibit a half-life of grwtcr ihan 20 years 
at room temperature. In ihcj thenpoiysis (wo molecules of 
adamantonc are fomiecl, partly in the 5, sute and partly in the 
T^ sute (Scheme 23) . In principle, cleavage can occur according 
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Sdione 2a Simpli/icd rrpnscoiation of the dccompofilion rcaaioft of dioxeiano. 

to a diradical or a concerted mechanism.** A stepwise path- 
way, involving homo lysis of tt e 0-0 bond and fomiation of a 
diradical has been proposed fdr the decomposition of the stable 
dioxeunes,*^'^'^ The light emission results from the deactivation 
of the 5, exdted species. Dio;|etanes, which, in addition to the 
stcric stabilization by only on^ adamantyl group, still contain a 
subsiituent of low oxidation potential, mostly aryloxy, undergo 
a different decomposition medptnism. This deconip(»iuon route 
is triggered by cleavage of the 0-0 bond and by an electron 
transfer from the oxidizable gi^oup into the antibonding orbital 
of die peroxide bond (CIEEL mechanism, chonicaJly mitiaied 
electron exchange /uminesccnic).*'^''- This mechanism 

for the dioxetanes mentioned [which are substrates for enzyme 
labels is discussed in Section 4. 

FuncDonaltzed adamantylideBeadamantaaes that contain a 
reactive group bound to a spacer have been described as a label 
for thermochemiluncscent immunoassays*"'' (Huramclen ct 
al., 1986). The synthesis of on^ such label is given in Scheme 29, 
The sianing material is adamajatylideneadamantane, which can 
be obtained in two steps from adamantanone.*'^"'* In the last 
step of the synthesis, sensitized (methylene blue) photooxygena- 
tion, a mixture (ca. I : I) of t^6 dioxctanc isomers results, which 
was used in this fonn in the labeling experiments. The overall 
yield of the seven-step synthesit, starting from adamanianonc is 
50%. The tnggering of luminjescence results from heating the 
sample adsorbed onto aluminum oxide for a shon time at 
240 'C. An apparatus for measuring thermochemilumincscencc 
has also been described.** "J Since the elTiciency of the direct 
chcmiluminescence of adamantylideneadamaniane-l,2'dioxe- 
lane is 1 X 10'* (6 X 10"' photons per moJ)'*"' under optimal 
conditions (only 1 % of that of luminol), an increase in the 
energy transfer to a good fluorescent dye is necessary. Bovine 
serum albumin conjugates with the dioxetanc label and 9.10- 
diphenyUnthracenc. which, ia turn, have been used as labels in 
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labeled however, recently also $uch dioietane Ubels for direct 
labeling m:thods were introduced."* *'- The synthesis of a 
selected label is outlined in Scheme 30. Apart from the silylony 
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/luorcseencc ompIiBed rhamochcmiluminescencc imnmnoassay 
(FATIMA), have been described. The first assays, for example. 
fonhctumortiiarkcrCEA have been described, but the thenno- 
chemilumincscence principle appears to be altogether loo costly 
for wider commercial use. TTie search was then started formodel 
compounds for thermally somewhat less stable dioxctane labeU. 
which could be activated at approwmately 1 50"C.' • For ex- 
ample. 9-xanthenylideneadamantanc decomposes at around 
100 'C (Hummelen et al.. 1988). The light emitted from this 
compound corresponds to the emission from adamantonc. Oth- 
er monoadamantyWiotetane denvatives of the xanthcne, naph- 
thalene, and phenyl series, which am be triggered enzymancaDy 
and chemically and in which the olefinic statiing mattnal con- 
tains a methoxy substiiuent to facilitate dioxetane syn.hes.s. 
have been described (Schaapetal..l987).- *'«Shortly after- 

wards AMPPD, already menti-red hx Section 4. was reported. 
In cantrast to the above-mentio<,.>d i!v;nna! decomposition, the 
emitter in the CIEEL decomposition of adamantylidcnearyl- 
o*y.U.dioxetanes. which can be triggered enzymat.cally or 
chemically (of. Scheme 10). is chiefly « excited atyloxy amon. 

Thus, in less than twenty years since their discovery, d.oxe- 
tanes have developed from merely being laboratory cunosm« 
to bcingstable derivatives employed worldwideinimmunolg^ 

and biochemical analysis. The development has no: y« reached 
a. end. Until a short time ago the U-dioxetanes. ^^'^J^^ 
triggered enzymatically or chemically, were not 
CM labels with a reactive group for coupling to molecules to be 



0 




0—0 



9 0 




Scheme 30. Diasetflne tabds for chcmiluminncem dirtci libeling *hictl can be 
irias^ chcmUaBy. Seoiitoi = polymcf-wpponcd Bc« Bengal. 



group shown which can be cleaved lo trigger luminescence, oih- 
cr substitucnts can also be employed, for example, phosphate 
and galactosyl groups, \n addition to the hydrox^succinimide 
esters shov^n other common reactive groups should also be con- 
sidered. A label with a biolin anchor and its use for labeling 
proteins and antibodies has also been describod.^*""*' Further 
applications of this relatively new label are as yet unknown, but 
judging from the high quantum yields (0.20-0.25 in DMSO)***' 
they will presumably not be long in coming. 

Finally in this section on dioxctanes another new class of 
relatively stable dio:^etanes should be mentioned namely, 
phenyl-substitutcd bcnzofuran-l,2-<lioxetancsJ'*'**-*^ These 
give quantum yields (up to 4x I0"«) si.-nilar to those of the 
enzyme substrates described earlier. The acctoxy-subiiituted 
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compound shown in Scheme 31 dccompOttS. presumably base- 
induced, according to the CIEEL mechanism. For analogous 
siloxy-4ubstituted compounds decomposttion can. as with simi- 
lar adamancyl systems, be triggered by fluoride ions."^^' 

5.i.5. Oxalic Acid Derivatha 

Oxalic acid derivatives such as oxalyl chloride,***^' cer- 
tain OJtalic acid anhydrides^'"' diaryl esters."^** and oxam- 
idrt'^*^' are among the synthetic molecules which exhibit the 
highest chcmiluminescence quantum yields (up to 0.5),'^'* In- 
tense luminescence is observed in the presence of a fluorescent 
dye during the onidaiion ofoKalic acid derivatives with hydro- 
gen peroxide. Despite extensive studies the complete mechanism 
of pcroxyoxalaie chemiluminescence is still not fully under- 
stood. A dioxciancdione is often proposed as the cncrgy-rich 
iniermcdiaie which forms the oxalic acid derivative by reaction 
with hydrogen peroxide (Scheme 32). Wowever, according to 
ihc results of more recent work, this highly strained intermedi- 
ate is mn formed i^**^^' a large number of possible intermediates 
Is shouTi in Scheme n^^- '"''"i As has already been consid- 
ered in other mechanisms, reaction pathways involving electron 
imnsfer or energy transfer arc discussed.* ' Finally, either excited 
carbon dioxide is formed which activates the fluorescent dye by 
energy transfer, or a charge-transfer complex is formed which 
decomposes to give COj and a noorescent dye molecule in the 
exdtcd state. The luminescence of these systems is relatively long 
lasiLng and the emission color can be controlled by choice of 
dye. The best known application of this are the Cyalumc lieht 
sticksJ*^'^^ 

Oxalic acid esters or ojtamidcs cannot be considered for the 
do/elopmcnt of luminescent labels for diagnostic purposes be- 
cause the solubility of the oxalates and nuoresccm dyes requires 
the use of orj^anic solvents: the compounds arc hydiDlyzed quick- 
ly m aquwus solutions.f'i However, oxalates are employed in 
chemjlurnmescence detectors in HPLC or now injection analy- 
sis. "^^"-^ appropriate systems allow, inter alia, analysis of 
environmental toxins, drugs, amino acid., fany acids, and 
4mmctw,ih detection scn5itivin« ranging from thenanogramm 
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Scheme 31 Mechaninn of cbcmiltimincsccncc for OAaljc add dcrivaiivcs, 

iuto the atiomol region. Another interesting area of application 
oxalate chcmilumincscence in diagnostics is the quantitative 
determination of oxalic acid in urine with detection limits as low 
as 10 nmol ^ . For this purpose the oxalic acid present is treated 
with carbodiimide in the presence of hydrogen peroxide and a 
fluorescent dye. The light emission measured is proportional to 
the concentraxion of oxalic acil"'^ *"' Even the determina- 
tion of porphyrias in urine is possible with this method. la this 
case a fluorescent dye is not necessary because the porphyrins 
themselves act as sensitizers.**''** 

SJ.6, Elecirochtmluminesccnce 

The triggering of chemiluminescencc by electrochemical pro- 
cesses has been known for a long time but has only gained prac- 
tical significance in recent yean." Radicals produced electro- 
chcmically play a significant role in these processes and the 
electrochemical cxcication of luminol/hydrogen peroxide mix- 
tures has been studied in detail.** Luminescence is observed 
with potentials greater than 0,5 V. A mechanism similar to the 
one presented in Scheme 21 is assumed for potentials of up to 
0.7 V. Diazaquinonc produced electrochemically reacts with hy- 
drogen peroxide. At higher potentials (1 .2 V) the reaaion is 
considerably more complex since the amino group of luroinol is 
involved in oxidation processes,*'"'*' An elccuochemical detec- 
tor based on this system can be used for the determination of 
hydrogen peroxide. 

In addition, the electrochemical processes of acridinium com- 
pounds have been investigated J* "> Whilst lurigcnin is reduced at 
-0.3 V and gives rise to luminescence in a subsequent reaction 
of the radical, acridinium esters show no activity in the range 1 



iti I \ Hnuc\cr. )Kc ImnincNCcni rcucuon of* he acridinium 
ofcf^ can Hr ifmi.iicd cIcvlriKhcinically hy hvUmgcn peroxide 
PhkIulTxI oxvficn. Thui pnnoplc l:icil»ijlcd development 
nl ilcic\*ic»r> lor UKctcd anuKict uithom \he need for addiliorui 
rrj|!crn^ 1 \^ui I ii be led with ihc lirM :iodiniuin ester described 
earlier could K- ilLietMoJ with ;i >cnMHMt> ol' 1(1 fmol.''"** 

The I'iicmilumine^cena- of ruihcniurrinn) eheluic completes 
ha* Keen Lnov^n lor ;t Umjt time.'*''*' * tikowi>tf (he electro- 
chrmicjM> eenemied lumineMxnce from lfiship\Ttdineruih- 
cntumfiii chcbic^ Ho^-cvcr. the tahclinp of huptens. 
proiems. and nuctcK* ucids wiih rutheniumtlll chcl;ile> was only 
de?tnhixl rcorntlx The ruthenium etunplex. which h 
shovm in Scheme }y. Uses a hvdroxyiuccinimide ester sub- 




Jiivi|futhrmum chrLilr 

Mitucni as ihc rraaivr group. The advjniape* of ihc label cited 
:ire hich STabilifv. relatively molecular wicht. high solubil- 
ity in water. ;ind high sen^tivity the detection limit of the label 
is :no fmoll." V Multiple iabclinp of proteins and oiigonuclc- 
otidcH art ptiitsi bk v^ilhoui being detrimentnl to immune re^ai v- 
ily. solubility, or ability of the conjugate to hybridize. In the 
electrochemical reaction [Ru(bpy)^|-' (bpy = bipyKdineJ is 
fir^t oxidi/ctl to fRu(bpy) J' ' on the eletlrode surf;icc. Simulta- 
ncotijly, the iripropyl;tnilnc (TPA) present in a large excess is 
iilcwMUt oxidi/ed to :! radical cution TPA " \>^hicb spontJUCOUi- 
ly clea\-es ;i pmton. In the rtnictioti of the strong oxidi/Jng nnteeni 
(kufbpy),]'* ' w-tih the adicil TPA . a strong reducing agcnu a 
[Rutbpy>,l* ' complex is fomtcti in the electronically cTciied stale 
which letum.s to the cniund .slate by emission of a photon at 
6:0 nm. The ruihcniumOtt complcK can re-enter the cyclic pro- 
cess, which autoinjticillv causes amplificalion nf the signal. 

In addition to an clecinvhemiluminesceni analy^r.*'"*'^' im- 
rminoa.v^;»v«," ;ind genetic probe tests**''" *^th '^e- 
»hc mcanti'me. comntcrcially ;ix-ailablc ni\hcnium label h,ive been 
d«cribctl. The nv;iibblc data is insunicicnt to e^•oluale the smi- 
J'biliiy of clccirochciniUiinincscent detection in dingno.slic prac- 
lice. 



ApplicoHons 
6.1. Immunoavtox-s 

When Yulow and Berson developed ihe first radioim- 
munoassay for the in vitro dererminalion of insuhn »n 1959, 



they surely could not have envisaged that their method in this or 
in .-icmc other form would become ihc most important anaUiical 
tool of medicinal in vitro diagnoiiics. I1 is diffiCuU 10 overloolc 
the wealth of substances, whose concenirations arc today rou- 
lincly determined in clinical laboratories with immunoassays. A 
number oi ihc«: analytes Art listed in Table I according to 
diagnostic indications. 



Tihk r. Somr jful>tcs ^hkli lit rvwU(td> deiennirKd by immuno2isa> in di/Tcr- 
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The ."Jucccss of immunological usinys is owed primarily to 
Ibcir high specificity and scnisiiivity; antibodies, which arc cm- 
ployed in immunoassays as detection reagents, can "recognize*' 
m the molecular Uvct sn^iUest structural differences (much cited 
"lock-iind-key" principle). For example, an antibody raised 
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SchaneM. Stnidorc of (he thyroid hor- 
mooes *n (X = H. 3.T5-triiodo-L-(bvTonifle) 
and T4 (X 3 1. 3J'^^'-tctraio<Jo-L-*hy- 



against the thyroid honnone thyroxin binds with high afTiniiy 
(equilibrium cocsianis usually are of ihe order of 10*''- 

10'^ Lmol''). where^ 
as triiodothyronine 
which differs by only 
one iodine atom is aot 
recognized (Scheme 34). 

As a result of this im- 
pressive spcdfidry prac- 
licfllly all substances 
with a molecular 
weight of greater than 
J 00 D even in compli- 
cated liquids such as scrum can be determined exactly without 
prior separarion of amilar subsunces. Modem labels can even be 
traced into the aitomolar range (1 amol - 10" mol). Thus, by 
labeling antibodiefi with such labels, the substances xo be ana- 
lyzed can be quantified exactly to the femtomolar range (1 
fmol 3=10"*^ mol). A current listing of almost 500 literature 
references an be found in "Bioluminescence and Chernilu- 
mincsccncc Literature - Immunoassays and Blotting Assays" by 
0, Nozakieia].*''''^ 

tf./.2 Caiegarifs 

Immunoassays can be divided into different groups. 
Group /: Competitive immunoassays with analytc tracer: 
This group concerns assays in whjch the deieciion reagents 
arc an antibody speciftcaJly direacd against the substance to be 
determined and an analytc derivative which carries the label 
(analyic derivative tracer, usually abbreviated to analyte trac- 
er). The analyte tracer should nor be too structurally diffen^at 
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Fjg^ 3. Principle of ihc ihfcc nw,( iinporuni immuftWswy mctluxU (Irfl) mih t|»c 
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'^>a<»«ni ihc c.„„twx or several binding «tcs (in ,h= oi' the TgG ,nU- 
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from the analytc (which under the circumstances only exists in 
the presence of the label) that it no longer is recognized by the 
antibody. Furthermore, immunoassays of this group arc com- 
petitive assays, that is the analyte and analyte traar compete for 
a small number of antibody binding sites in an equilibrium 
reaction (Fig. 3a). The lower the concentration of the analyte- 
samplc to be analyzed, the more antibody -analyte tracer com- 
plexes can form as a result. The analyte concentration of an 
unknown sample can be determined exactly by using a calibra- 
tion curve drawn up from samples of known concentration 
(Fig. 3 b) . As is apparent from Figure 3 a, selective measurement 
of the signal emitted from the antibody -analyte tracer complex 
requites prior jcparaiion of uncomplcxed analyze tracer. Sepa- 
rations of this kind are dealt with in Section 6.1.3. 

Group I!: Competitive immunoassays with antibody tracer: 
As in Group I this is also a compeiiiive process. The only 
difTcrcnce Is that of the two detection reagents (antibody, ana- 
lytc derivative) it is not the analyte derivative that carries the 
label but the antibody (antibody tracer also called tracer anti- 
body). As can be seta from Figure 3 c, the concentration of the 
analytc to be determined correlates with the conccnD-adon of 
the antibody tracer-analyic derivative complex after adjusting 
the equilibrium (Fig, 3 d). For the separation of the two labeled 
complexes which is also necessary in this case see Section 6.13. 

Group III: Sandwich assays: 

Instead of the analytc derivative in compciiuve as-tays, in this 
case a second antibody is the detection reagent. The label is 
situated on one of the tvro antibodies. Both antibodies bind to 
the analyte at different sites (epitopes) and thus form a sandwich 
compicx. An excess of the two antibodies is employed in order 
to shift the equilibrium in favor of the sandwich complex 
(Fig. 3 c). The favorable cquilibriuni position in this type of 
assay due to the excess of reagent leads to a considerably higher 
sensitivity of detection. Whilst, for exam pie, a competitive assay 
for the determination of the thyroid hormone thyrotropin is 
capable of detecting an analytc concentration of about l- 
2 fmolmL"^ the lower detcccioa limit in the case of a compara- 
ble sandwich assay is about 0.1 -0.2 fmolmL-^ The sandwich 
strategy achieved its breakthrough when it became possible to 
obtain pure uniform antibodies in vinually any quanticy. (Mo- 
noclonal antibodies, Nobel Prize, 1984 for Kohler and Mil- 
stein) ""-'"i 

About 'the only disadvantage is the Umiied applicability of 
this type of assay: small anaJytes {M< approx. 5 kP) arc ex- 
cluded, since two antibodies cannot bind simultaneously for 
stcric reasons. In the case where the analyte is an antibody (ef. 
listing in Section 6.1.1; indication: infectious diseases), the 
sandwich assay can be applied in a slightly-modified form: an 
antigen plays ihc part of one of the two detection antibodies, 
tlius, for example, a vinis particle, against which the anal>'tc 
antibody is directed. In this case, the resulting sandwich com- 
plex consists of antigen, analyte antibody, and detection anti- 
body; the antigen corresponding to its complementary structure 
binds to the recognition site of the analyte antibody and is, thus, 
responsible for the specificity of th« detection. For the dctcciion 
antibody it sulTiccs if this is directed against the structure ele- 
ment of the analytc antibody, although this is standard for all 
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antibodies of the same animal (in this case human) species (Fc 
poriioci). Tlic latter presupposes, of course, that the amibodies 
present in the patient's blood, which arc direcud against com- 
pletely different antigens, do not "capture" a significant fraaion 
of the detection anti body. In practice such complications can be 
easily avoided by the choice of a corresponding high conccntra- 
lion of the dcteaion antibody or by a so-called two-step pcrfor- 
maiKx of the assay. The separation of the sandwich complex 
and excess tracer aUo necessary in this case prior to the mea- 
surement, is dealt with in Section 6-1.3. 

The individual variations within these groups (cold and hot 
preincubation, one-step and iwo-scep performance, double anti- 
body method) as well as immunoassays which work without a 
tracer^' ^"^ cannot be dealt with here 

Definitions of Terms: 

In scarcely any other area is there such a confusion of temis 
and abbreviauons as in the field of immunoassays. The most 
well-known expression is the "radioirmnunoasisa/' (RIA). Un- 
fortunately it is often used for wo different ciicumstfinccs. 
First, it stands for competitive immunoassays with a radioactive 
analytc tracer, that is. for the assay type described in Group I. 
and second it is often employed as the generic term for all immu- 
noassays with a radioactive label The same can also be said for 
the enzyme immunoassay (EIA), fluorescence immunoassay 
(FIA), and lumiaesccnce or chemilumincsccncc immunoassay 
(LIA and CI A. respectively) which arc distinguished from RiA 
only by the type of label used. A similar ambiguity eaists with 
the acronym ELISA (mzyme-Ziaked /mmunojorbeni assay). 
This term is reserved by some authors for the excess reagent 
assay (Group III) with the enzyme label and by others is em- 
ployed quite generally for all immunoassays with enzyme label 
Just as XTA (RIA. EIA, FIA, LIA. CIA) designates specifically 
assays of Group I, Group II docs not have a generally accepted 
abbreviation. However, in this case one often comes across the 
expression SPALT (jolid ;)hasc mitigen luminescence /echnique). 
This describes an assay of Group II with luminogenic label for 
which a particular but frequently used technique for separatmg 
excess antibody tracer is employed (sec Seaion 6.1.3)-. 

A synonym for sandwich assay (Group lU) is the expression 
2.siec IXMA,- this stands for 'Nrnmuno-x. .metric aisay (for 
example: IRMA: immunoradiomciric assay; ILMA: tmmuno- 
lumiQometric assay). The expression iiranunomctnc means 
that, in contrast to the competitive assays, one is dealing wtth an 
assay with excess reagent. Unfonunateiy the designation is also 
not uniform in this case. Hence, Group )I, despite its competi- 
tive nature, is still designated with the expression 'i-s.te IX- 
MA'V Strictly speaking the t-site IXMA is, however, a very rare 
type of assay, which uses the same detection icagcnis as Group 
n (analyte derivative and antibody tracer), however, uses ihe 
antibody tiuccr in excess, and does not measure the complex 
formed from the analyte derivative and antibody tracer, but the 
complex formed from the analylc and anfbody tracer. 

6J.3. Sepnfciion Methods 

As already mentioned the selcaivc measurement of labeled 
immune ccmpleres necessiutc a prior scparauon of the un- 
bound .naiyte tracer (in the case of Group T), of antibody tracer 



not bound to the analyte derivative (Group II), or of unbound 
antibody tracer (Group III). 

The firet separation methods involved really difTiaill purifica- 
tion steps, for example chromatography or electrophoresis. Con- 
siderably more manageable, but today regarded as being anti- 
quated, arc the methods in which the immune complexes aic 
pttcipitaced by addition of salts or organic solvents, or the on- 
bound anaiyte tracer is adsorbed on addition of activated char- 
coal or ion exchange resin. The requisite cenrrifugation step 
renders these methods as being no longer able to compete today. 

Modem methods usually employ a solid phase. In the sim- 
plest case this is a small tube made of synthetic material, whose 
inner wall is coated with one of the detection reagents (coated 
lubes). Ai the same time these tubes serve as the reaction vessel 
for the immunological detecuon reaction. The separation immc- 
diaiely prior 10 measurement is reduced to just merely decanting 
off or removal of the reaction solution by suction (Fig. 4) , 
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Fig ^. Enaniplcf of comtncrcwl unmunoaswyt pcrfOfincd virilh i coaled lube: 
RlA-pio»i T3 (lop), a RIA and B<riLut TJ (middk). a SPALT Tof dcicnni- 
nauoi] of (riiodothyrortlitc rr3) ind BcriLux TSH (boiiomj. u 2-tilC ILMA for Oic 
dcrcmunation of ih>Toid ilimulating homonc (TSH ) in arum. 



The coating of the solid phase proceeds in the most simple 
cast by direct adsoqption of the detection reagent; the solid 
phase is kept in conuci with a solmion of the dcicction ix:agcnc 
for several hours. Under suiublc conditions the adsorptiv€ 
binding is so strong thai the immobilized reagent cannot be 
dissolved by washing the solid phase. Binding can also rcsuU 
through an anchor protein, which adsorbs panicularly well onto 
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(he solid phase to which the detection reagent is covaleotly 
bonded by bifunaional reagents.''*^ Often an antibody, which 
recognizes o structural clement that is common to all andbodics 
of another animal spcdes, is attached to the solid phase. For 
instance, antibodies which are directed against the Fc portion of 
mouse antibodies can be produced in rabbit. In this way anti- 
bodies can be anchored onto the solid phase which are less 
suitable for a direct adsorption. More of these universal solid 
phases are based on the high affmity binditig between bioiin and 
avidin (strcpt-)avidin''*' as well as between fluorescein and anti- 
fluorcscdn antibodies'*^^' (Fig. 5). 




Ft^ 5. The binding of n dsiesuan rajtent (m this case xn jotibwijr) to j sottd 
support cao bt achirrd by mav^ of the («[rept*)avidin/tnoifa system (feft): Tb< 
bioojiytated ami body js parted by the (trrept'}jv^ifi adsorbed onta (he solid 
nipport. A. ximtlir anchoring tnechad Is hhscd on ihc Wdtig boadin£ between 
Ouorscein froup^ iiKf ontibodica direcicd ajiinA Queiftscan (rifht). 

Instead of coated tubes other coated sohd phases can also be 
employed (s^'nthetic spheres, magnetic particles, and mem- 
branes). These can also (cf. Fig. 4) participate directly in the 
immune reaction or merely have a separation fxmction. In the 
latter case the immune reaction occurs in a homogeneous liquid 
phase (which has certain advantages with regards to the rate of 
reaction), and the separation function of the solid phase is only 
"switched on" once the reaction is completed (Fig. 6), 




Fij. £. .Vfler completion oTOie rtiction beiu-etn antibody UbcJcd with tn\\»i FJTC 
r.^- l/iohA, ai)a}vfe, and atuKic iraccj in ihe li<)uid phite. (he solid suppon em ted 
H^ih (urrpi-)ft».idm oc jnii-duoTwcein amibcdics. respeccivdi*. is iddcd. and ihe 
Mndwien eompkx ii atuched to the solid Slipper i. 

With the OPUS sysiem^^"*' separation is accomplished with- 
out further operation steps. The whole immune reaction takes 
place in a test module which is about ihe size of two sugar cubes. 
An ciscntial component is a transparent polyester film, on the 
surface of which arc three agarose layers. Complexes of the 
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antibody and Huoresccni-labeled analyte derivative are embed- 
ded in the lower layer (1 \m thick). The aenira sample is applied 
to the top layer (10 um thick). The analyte molecules contained 
in the sample diffuse into ihe lower layer, where ihey— depend- 
ing on their concentration— displace more or less tracer 
molecules from die antibody binding sites. Additional reagents 
such IS aqueous solutions arc not necessary here. Whereas anti- 
bodies are not able to leave the lower layer because of their size, 
the unbound tracer molecules arc free to difRisc into the two 
upper layers. The antibody- tracer complexes which remain in 
the lowest layer are quaniified by fluorescence detection. The 
light source and detector are situated below the test module. The 
middle agarose layer (tO pm thick) acts as an optical filter due 
to its Iron oxide content and prevents measurement of released 
tracer molecules which have diffused from the lower layer. 

In the purely homogeneous assays there is no separation step 
because they arc based on a changing signal in the fortnation of 
the immune complex. The first assay of this type was prcscnisd 
by Rubenstein and Ullman in 1971^'^^"^ This EMIT method 
(enzyme-modulated immunoassay icchnology) involves EI A; 
en2ymadc activity of the enzyme label is inhibited by the binding 
of antibodies (Fig. 7). Another example of a homogcncovs as- 




FifL 7. In the EMIT method an entifcody bound lo ihc anat/tc tracer (snalytc 
dcnviti^e labeled with the cacvTnc) pixvcnu thi einiytic Cdu version of the sub- 
ttnte (c^ 1 chromogcn) b>' the enzyme, for eKimpk hy «u:nc hindnncc &i vh< 
3ciiv« sue. 




Fig. 8. E tain pie oT 9 homogcncom 11 A: The Cftcffly iramfcr across the Hual) 
distance between ihc iwo labds Ll and U itsults in m elscironic eiduiioo of l^- 
The inteajjiy of the lighlcmitled (rem L2 therefore comdKtn lo [hcinttlylccortccn- 



say which employs chemiluminescence energy transfer is shown 
in Figure 3. Disadvantaees of these, at first glance, particularly 
elegant homogeneous assay-; ^rc low:- "^rjritmty of detection 
and a more pronounced susceptibility to interference. 

Aflgr^- Chtm, Int. £J. EngL 1994. iJ. lO(U-l077 
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6.2. Gene Probes 

WhereAS analyies in immanological dcicnninauon methods 
are after all products of genetic information, nucleic acid se- 
quenas arc ihe information itidf. The qualitative and quantita- 
tive determination at this "primary level'* is incrcaiingly gaining 
significance. 

The most imporianl application at present ii in the dctecoon of 
pathoeenic organisms (baocria, viruses) t^^^' A panicuJar advan- 
tage is that not only active viral infections, but aho latent ones, 
arc ascertainable by detection of the nucleic acid ttjquences. 
Thus, for example, infections with the AIDS virus can be dciea- 
ed already in the incubation phase of seronegative patients. In 
addition, the control of blood supplies for HIV, HTLV-I, Hep- 
atitis B, etc. is much safer with the deteciioa of the correspond- 
ing nucldc acid sequences than wth an immunological test. 

A series of hereditary diseases, such as diabetes melhtus, 
Usch- Nyhan syndrome, phenyllcetomaria, and sickle cell ane- 
mia, can be detected reliably by tracing tbe mutated genes, 
likewise the activation of different oncogenes whicb are involved 
in the fotmation of tumors J* In forensic medicine the detec- 
tion of nucleic acid sequences is employed for solving cases 
involving sexual crime! or ia tesis for patenuty suits. 

In contrast to immunoassays no anribodics are employed as 
direct detection reagents, but rcUtivcly short, mostly synihcuc 
nucleic add sequences (so^ed gene probes) which arc com- 
plementary to part of the analyte (-.o^;?Jled target sequence) 
(Fig. 9). These hybridize with the fc. gr £ sequence, that is, they 
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ra order lo make them accessible to a hybridization vridi ihc 
labeled gene probe. One of the advantages of this method is that 
diffctcnt prob«:3 can be employed simultaneously to trace sever- 
al nucleic add sequences. 

The visualization of the fragments hybridized with the probes 
can be accomplished, for example, by applying a photographic 
film. The exposure times arc |rcaUy dependent on the label 
employed. For the "P isotope used almost exlusively earlier, it 
wai not unusual co have to wait for scvaal weeks. By employing 
more modem luminogenic labels the exposure times can be dras- 
tically reduced. Methods that use fluorescent labels dispense 
with need for photographic film and. moreover, there is the 
advantage that different colored light signals can be received by 
employing different labcU simultaneously. This can make the 
distinction of DNA fragments which exhibit similar elec- 
trophoresis profiles considerably easier. 

In analogy to immunoassays there are also corresponding 
gene probe tests. The pendant of a 2-site IXMA^'"» is shown in 
Figure 10. An analogue of the competitive immunoassay is the 



Fij. 9. Tbc mrity of iv^o ftudcic *dd anmdJ am« frorti ^^'^''^^^^ 
pair.: adenine (A) bonds ic chymio. OT) or urocU (UK ^^^^oi^^^ 
(G). TTve 9cne proto employed ^rz uiuafly cluu»» <>( iS-^ nucJcoadcL 

bind with it to form a double strand which is held together by 

hydrogen bonding- . . 

In the Southem-Blot meihad."»" named after .« founder, 
the DNA, on which presumably the sequence to be detcrm.nca 
lies, is initially cut into defined fragments by restnct.on en- 
zymes. These are separated by electrophoresis and the bands on 
the electrophoresis gel arc -ransfenrd to a suitable carrier e.g 
nitrocellulo*), whilst maintaining the relative PoS'Uonsot !W 
bands. The individual DNA fiagraents (double-stranded) ate 
denatured (that is, they are split into single strands) by heaimg. 

Anxc: Ckrm. In. Ed. £»«(. JJ. lW*-><"2 
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Fig. 10- The coviflccrpart ccrrcspondinB w) the 2-«il« tXMA on b=™^ P'o*k 

Strand displacement assay^"^* (Fig. 11). The only difference, in 
principle, to the XIA presented in Section 6.1.1 (Group I) is that 
ihe labeled gene probe (corresponds to the analyte uacer in 
XIA) and tbe target sequence (analyte) do not compete at the 
same time for the probe bound to the solid phase (corresponds 
to the antibody in XIA), but that the tracer gains a lead in time 
(principle of hot incubation; not an unusual oipcrimental vari- 
able in XIA). 



OflOOl 
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ng. n. Principle of the sirtiuJ diypUcetncm ajay. 
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The iramfer of lechniqucs from the field of immunoassays 
hai also kd to homogeneoui gene probe test. In kissing probes 
(Fig. 1 2), two labeled probes bind to the largcl so closely lo each 
other thai an inleraaion is effected bet\veen the labels. Thus, 
only the changes in the signal occurring in this way can be 
viewed as highJy specific. 



gena probo 2 



tflroet 



li. Pridcipte of the "kissint proto". 



The acridinium labe] is able to intercalate double-stranded 
DNA and therefore is proiecied against attack from nucko- 
philic rcagenit. In this way it is possible lo distinguish between 
single-^irandcd and double-sirandcd bound labels. This has 
been of use in the "hybridisation protection assay*'.^**** 

A revotuiionary step for enhancing the sensitivity of gene 
probe icrts was achieved by the PCR niethods (polymerase 
chain reaction).*^ K. B. Mullis received the Nobel prize for 
the development of this method in 1993. The basic idea is orifi- 
inal and at the same time simple. Whereas almost all attempts to 
improve the lower detection limit were directed at increasing the 
signal intensity and reducing ihc background signal, that is, to 
have the tracer in sight, with the PCR method, the target se- 
quence is selectively rcplicatcd{!) and moreover quite simply. 
First the target sequence present as a DNA double strand is 
cleaved into two single strands by denaturing with hcac The two 
single strands were then hybridized with complementary 
oligonucleotides and. these were subsequently enzyraatically 
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etc. 



elongated at the 3'-cnd with dcojty nucleotide triphcsphaies. 
This process i* ^pcatcd several times ^Fig. 131 and after 20 
cycles the target sequence is iimplificd by 100 000-fold, 
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Even if 9 y source which radiatfis continually for months to 
emit a signal often only required for a fe^«.' seconds is everything 
but modem, there is much to be said, not only on ecological 
grounds, for the replacement of radioaaive labels. Wjih the 
labeling alternatives available today radioactive labels have, as 
far as detection sensitivity is concerned been partly superseded. 
Why is it then that RIA did not die out long ago? A considerable 
advantage of RIA is lied up with one of its greatest disadvan- 
tages — as seen from an ecological standpoint — the emission of 
energy-rich radiation. In the thirty years of experience in the 
field of RIA this method has proved to be extraordinarily "ro- 
bust'*. Thus, for example, in the case of the radioactive label ihc 
tracer is not influenced by its direct surroundings ("matrix ef- 
fects"! except for in the rarest of cases. Furthermore, the signal 
is not affected either in terms of its absolute value or in terms of 
its constancy by most external factors. In addition, the labeling 
of small analytc derivatives by an isotope inevitably results in 
fewer changes in properties compared to the introduction of a 
sterically demanding label. Thus, replacement of radioactive 
methods will understandably not occur overuighc but is more of 
a gradual process which is sustained by a steady increase in 
experience in dealing with nonradioactive labels and (he synthe- 
sis of more effeaive labels. Since the most efficient luminescent 
labels and luminogenic enzyme substrates have only been avail- 
able for a few yean, one can expect an acceleration of this 
hitherto slow replacement of radioisotopes in the years to come. 

We thank all our colleagues for helpful discussions during the 
drqfting and correction of this tnanuscript at well as Mr, R. Kaske 
for providing marketing data and Mrs. / Bruchmamarid Mrs. 
Laloifor support during the preparation of the manuscripl. Our 
special thanks fo to Mr. A. Krafi for preparing the figures in 
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